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^ (57) Abstract: A muld-funcdonal sensor system for simultaneously monitoiing various parameters such as the structural, chemi- 
cal and environmental conditions associated with a medium to be monitored, e.g., bridges, high-rise buildings, pollution zones, is 
provided wherein the system includes at least a plurality of wireless multi-functional sensor platforois embedded in the medium in 
which an inteirogation unit transmits power and receives responses. Each wireless multi-functional sensor platform includes mnld- 
pie channels for accommodating a plurality of sensor types lo simultaneously monitor the paxamcters associated with the medium. 
Thus, the wireless sensor platforms are formed to include those sensor types which are consdered germane to the intended medium 

^ to be monitored. 
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WIRELESS MULTI-FUNCnONAL SENSOR PLATFORM. 
SYSTEM CONTAINING SAME AND METHOD FOR ITS USB 



CROSS-REFERENCE TO RELATED APPLICATIONS 



This application claims the benefit of prior filed, co-pending U.S. provisional 



application serial nos. 60/254,1 18, filed on December 8, 2000 and 60/284,01 8, filed on April 
16,200L 

BACKGROUND OF THE INVENTION 
1. Field of flie Invention 



platform, a sensor system containing same and method for its use. More particularly, the 
present disclosure is directed to an in-situ multi-fimctional sensor system containing a 
plurality of wireless multi-fimctional sensor platforms and mediod for providing long-term 
monitoring of various parameters associated with a medium, e.g., concrete, by embedding the 
soisor system within the medium to predict the onset of degradation and thus aid in the 
scheduling of maintenance, management and repair thereof. 
2, ' Description of the Related Art 

[0002] In tfie United States, billions of dollars have beoi spent in the construction of 

highways, fi:eeways and their associated ovetpasses, bridges and building^. One of the most 
iinportant problems facing the nation is deteimining how to tnaintain the integrity oif this 
system of roads and other structures at an accq>table cost Obviously, it would be 
advantageous for practitioners in &e arttolme the bmefit of a permanent, early-warning 
system for detecting structural degradation in the eariiest stages. 

[0D03] One of ttie primary £q;>plications of this technology is in tiie area of bridge-deck 

monitoring, CurrCTtly,brid^ deck monitoring is based on individual sensor myeasur^ 
periodic visual inspection by trained personnel. This f^roach doesn't detect bridge deck or 
foundaticm degradation until it has already reached an advanced state. By this time, remedial 
actions are more expeiisive than ifthe problem had been detected earlio:. In addition, 
significant degradation inq>acts r^air schedules and quality of service for the bridge. 



[0001] 



The present disclosure generally relates to a wireless multi-functional sensor 
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[0004] Yet another problem associated with present day sensor systems for use in 

bridge monitoring is ttiat the saisors are not distributed througjiout the bridge decL Instead, 
tbey are used only for discrete measurements, mosdy due to economic limitations. 
Furtfaeimore, the cost of making measurements enq)loying present day technology is higji due 
to installation and monitoring requirements. 

[0005] FurthCT problems associated with prior art solutions for bridge monitoring is 

ttiat recent research has focused on mechanical sensing such as stress/strain and pressure. 
Sensors that are being designed to address corrosion-related degi:adation are limited to 
specific parameters such as, for exanq>le^ chloride and tranqperatiire, or gross measurements of 
physical properties such as conductivity. 

[0006) Thus, it would be particularly advantageous to eniploy sCTSors which measure 

a multitude of parameters for various mediums that extend beyond those described above. 
Such parameters may include those related to the structural, chemical and/or ravironmental 
conditions associated with a medium such as, for exanople, magnetism, noise, pH, pressure, 
shock, strain, stress and vibration. Accordingly, a need exists for a multi-functional sensor 
system for providing long-term monitoring of a plurality of parameters of a medium to pre- 
enq)tively detect the onset and degree of degradation. In this manner, protective measures can ^ 
be proiiq>tly taken to ensure that the medium is properly maintained 

SUMMARY OF TUB INVENTION 

[0007] It is an object of the present invmtion to provide an early-warning multi- 

functional sensor system fi>r monitoring a plurality of parameters, e.g., structural, chemical 
and/or environmental conditions, assodated with a medium such that the onset of d^^dation 
can be detected oioploying the multi-functional srasor systCTL 

[0008] It is a further object of tiie present invention to provide an early-warning multi- 

functional sensor system that may be embedded in a medium such as, for exanqile, concrete 
buildings, bridges or in contaminated ground zones, for long-term monitoring of the medium 
to hoUi detect the onset of degradation and to prevent or forestall fiirther degradation. 
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[0009] Yet another object of the present invCTition is to provide a plurality of wireless 

multi-functional sensor platforms for use in the eariy-waming sensor system that are compact 
in size, relatively low in cost and are capable of being remotely powered to feciHtate their 
long t^rm use such that numerous sensors may be used in a single project, e.g., embedded in a 
reinforced concrete bridge. The sensor platfomos are designed to be powered and queried 
remotely as often as required for use in measuring a plurality of parameters of the medium in 
which they are embedded 

[0010] A furflier object of the present invention is to provide a plurality of wireless 

multi-functional sensor platforms that are cq>able of monitoring Ihe medium in a 
nondestructive manner. 

[001 1] It is a further obj ect of the present invention to provide a plurality of wireless 

multi-functional sensor platfomous which may serve as an attachment base for supporting a 
plurality of sensor types on each platform specifically selected for use in monitoring a 
particular parameter associated witti the medium to which the sensor platforms are embedded 
in. 

[0012] It is yet a further object of the present invention to provide a plurality of 

: wireless multi-functional sensor platforms ftat exhibit extremely hi^ reliability for a 

prolonged period, e.g., on fixe order of several decades. 

[0013] In keeping with these and other objects of the present invention, an early- 

warning multi-functional sensor system and method for using same are provided which 
includes a network of cost-effective^ embeddable, remotely powered, ultra-small, mggedized 
and long-lasting wireless multi-fimotional sensor platforms that are impervious to harsh 
environmental conditions such as salt, mechanical and tiiemial stress. Ihte sensor platforms 
are particularly suited for long-term field measurements of parameteats in a haish envirormienL 
The sensor platforms are preferably constructed j&om a housing material tiiat is of low cost 
and requires only standard automated machining, e,g., a ceramic material. 
[0014] Accordingly, the sensor platfonns are multi-functional in that they se^^ 

platforms for attaching a multitude of sensor types (e.g., ten^perature, conductivity, pressure, 
pH, etc.) thereto for monitoring various parameters specific to the medium to be monitored 
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This capability of iaterchanging sensor types dependent xxpon ttie particular medium makes 
tiie sensor system of the present invention suitable for use in a wide variety of monitoring 
situations. Thus, when the platforms are en:q)loyed in the sensor systemi» sensor platforms 
having a plurality of sensor types attached thereto are distributed tibroughout the medium to be 
monitored to acquire data directed to, for example, structural, chemical and mvironmental 
data, associated with the medium. The sensor system tiierefore advantageously provides an 
early warning indication of the present state of the monitored medium to aid in the medium's 
timely maintenance and/or rqpair. 

[0015] According to one aspect of the present invention, the operation of the sensor 

system includes disposing a plurality or network of wireless multi-functional-sensor platforms 
througjhout a medium or zone in the medium to be monitored, with each of the sensors 
generating an output. Sensor data can then be collected periodically, via wireless means, 
which maybe conobined with historical data for analysis to asc^iain the health of the 
medium. 

[00161 Deitsi collection is performed by an interrogation unit operable to generate 

power to and receive responses from the plurality of sensor platforms, hi tibis regard, the data 
is coUected in a non-invasive manner without intact on the tnedium bem^ 
[(M)17] hi one exemplary qjplication, the system of the invention involves distributing 

the wireless multi-functional sensor platforms approximately every two mdbsts througihout a 
medium during or after construction. Periodically, a field data acquisLtion system passes over 
the network ofsensorsto^nfer the sub-sur&ceenviroimifint The resulting data is then used to 
forecast potential problem regions within tfie medium and measure ttie evolution of the 
structural, chemical and enviionmmtal parameters of the medium over time. As such, die 
se^isor system provides an early warning indication of potential and ongoing adverse 
structural, chemical and ^vironmental changes wittiin flie medium. 
[0018] Other objects and advantages of the present invention will become more fiiUy 

qjparent fiom the following, more detailed description and flie qjpended drawings, which 
illustrate several embodiments of the inventioiL 



4 



wo 02/46701 



PCTAJSOl/46806 
©1651-SPL 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG.l illustrates an exploded view of a wireless embedded sensor platform, 

according to ttie present invention; 

[00201 FIG. 2 illustrates a top view of the embedded patterned transmissioii antama 

119, constructed as a layCT of tiie ceramic cap of the sensor platform of FIG. 1; 
[0021] FIG. 3 illustrates a back or external view of the c©ramic cap of the SCTsor 

platform of Fiai; 

[0022] FIG. 4a illustrates a iBrst embodiment of sensor electronics/ circuitry contained 

within the sensor platform of FIG. 1; 

[0023] FIG. 4b illustrates a second embodiment of sensor electronics/circuitry 

contained within the s^isor platform of FIG. 1 ; 

[0024] FIG. 5 is a block diagram of an intenx>gation unit used in accordance with the 

system of the present invention; 

[0025] FIG. 6 is an illustration of an exenqplary q>plication of the present invention 

direc^ted to bridge monitoring; and 

[0026] FIG. 7 is an illustration of a naap generated as a product of using flie system of 
ttiepresent invCTtion for the illustrative bridge-modeling Gxamplc of FIG. 6. - - - — 

nTyrAn.R n DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0027] Hie sensor system of the present invention provides a long-term monitoring 

capability of a haish environment for various mediums in need of noonitoring. Such mediums 
include, but are not limited to, asphalt, conq>osites, plastics, cement, concrete, e.g., structures 
such as buildings or bridges, q;)paratuses, e.g., heavy machine, and zones of mterest, e.g., 
stream nm-of^ pollution or contamination zones around areas such as, for exanq)l6, stora^ 
tanks, pipelines, bays and streams. In addition to the foregoing mediums, the present 
invention will find general qiplicability to anymediumin wfaichlong-tenninonitoiingof a 
harsh environment is a requirement For optimum results, however, the medium should be 
relatively non-^sorptive of the electromagnetic energy spectrum used to intenogate the 
wireless embedded sensor platforms. 
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[0028] 



Accordingly, by employing the sensor system disclosed herein, relevant 



parameters such as the aforementioned structural, chemical and environmental conditions 
associated witti the medium can be monitored over an extended period of time, on the order 
of several decades, to assess the state of health of the medium in order to predict the onset or 
occurrence of degradation. Thus, the present invention provides an early detection or warning 
cspability of such degradation in order to schedule corrective measures such as, for example, 
maintenance and repair, in a timely manner rather than having to incur more cosfly and time- 
consuming repair at a later stage of degradation. 

[0029] For exanq)le, in the case of a structure such as a bridge, the system of the 

present invention allows authorities to routinely perform an accurate and relevant assessmmt 
of structural integrity to schedule maintenance and repair operations in a timely and more co st 
effective manner. As a furdier exanq>Ie, in the case of a pollution zone, the present invention 
provides authorities with a cspability for monitoring the extent and rate of the pollution zone 
to prevent finther degradation and to assess tiie effects of remediation processes. 
[0030] The sensor system of the pres^ invention includes at least a plurality of ultra- 

small, rugged, wireless sensor platforms tiiat are embedded in the medium to be monitored by 
strategically or randonsly placing tiie platforms Ifarou^out the medium. The wireless sensor 
platforms are multi-functional in tiiat they provide a siq>port base for tiie insertion of a 
multitude of s^isor types (e.g., pressure, conductivity, pH, stress, stram, etc.), ^ch are 
described hereinbelow, for measuring parametera of relevance to an intended monit(n:ed 
medium. For example, in Hxe case where stress, temperature and pH are considered relevant 
parameters for a particular monitored medium, then a stress sensor, a strain sensor and a pH 
sensor will be implemented in tiie sensor platform having tiiree sensor diannels for 
accommodating the three selected sensors at the configuration stagp. Itiswellwittuntiie 
scope of tiie invention to construct a sensor platform tiiat contains a greats number of sensor 
channels for accommodating additional sensor types. 

[0031] A particular embodiment for the sensor system of the present invention is tiiat 
forsensiiigachangerufhesub-surfK^eCTvironmentinlnidg^ The Federal Hi^way 
Administration has identified over 170,000 US bridges m need of some substantial repair. 
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many of which were due to deck rebar corrosion. One of the problems associated with such 
structures as bridges, hig^-rise parking lots and large buildings has been the absence of 
precise and quantifiable information regarding the corrosion state of the rebars and tibie 
corresponding need for counter-corrosion measures. Hie smsor systan of Ae present 
invention provides a capability for non-invasively monitoring the evolution of degradation 
ova: time wi&out in5)actmg the monitored medium. 

[0032] In addition to collecting relevant structural, chemical and environmental data, 

the sexisor system of the preset invention can advantageously collect siq)plemental data 
which results from the interaction betwem the plurality of individual wireless embedded 
sensor platforms. As one exan[q)le, acoustic measurements may be suitable for the detection 
of cracks in concrete. However, acoustic measur^ents are somewhat limited due to the poor 
propagation of acoustic wav^ in heterogeneous materials such as concrete. But as the 
distance between sender and receiver is reduced, as in the case of transmission between two 
embedded and proximally located sensor platforms, such a measuremmt becomes feasible. 
[0033] In apreferred embodiment, data specific to tiie structural, chemical and 

CTvironmental conditions associated with die medium is collected periodically fiom a network 

- of wireless oxibeddedsensorplatformsbywirelessly interrogating die wireless-platforms^^'^ 

using, for example, a field data acquisition system, which periodically passes over the 
platfonxis to infer the sub-sur&ce environment of the mediuHL Hie resulting data can flien be 
combined with historical data, obtained fiom prior interrogations, to forecast potential 
problm regions within the medium to enable prediction of expected jEailures and to make 
necessary rq>airs in a timely manner. 

[0034] The present invention also provides a safety &ctor as well as an economic 

&ctor, and has application for degradation monitoring for transportation safety relative to 
bridges, tunnels, underpasses, overpasses, etc. Also, the invmtion has applications for 
environmental monitoring, such as add rain conditions and its effect on degradation of 
structural materials, or other mdustdally or urban-induced problems. Thus, the invention is 
also an in-situ sensor system, employing a plurality of wireless embedded sensor platforms to 
provide information regarding mvironmental conditions. 
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[0035] 



Since the rates/modes of structural degradation on a givai structure are related 



to eavirojomental conditions, such as low or high pH, stress, temperature and vibration, the 
sensor system of the present invention is well-suited as an "early warning*' system to flag the 
onset of electrical, chemical and structural degradation Thus, the network of wireless 
onbedded sensor platforms \^ch simultaneously monitor the above and otider parameters 
provide both maintenance and safety information. 

[0036] Althougji specific reference is made herein to embedded sensors, those skilled 

in the art will readily £q>preciate that the tmn •'embedded" as used herein is intended to be 
int^reted in its broadest sense to include, for example, sensors disposed on a surface of or 
integrated with a medium. Further, it is to be und^tood that the sensors may be distributed 
in any manner tibroughout a medium so as to optimize the information provided therefiom 
By way of exan^le, in the case of a concrete pylon, it may be desirable to distribute the 
sensors with different densities on the top and bottom of the concrete pylon wh^re stresses 
may be hi^er on the top of the pylon In other applications, cost may be a driving factor in 
the determination of the distribution and densities of the sensors, 

[00371 When embedding the wireless sensor platforms in the medium, the platforms 

can be held in place by structural members such asj for exaiiq)lev'reinforcements or rebais ' 

using a holder or attached either mechanically or via a bonding material to said structural 
members. Th^ey can also be placed at a layer boundary in layeared structures. Likewise, they 
can be inserted into the structure during or after construction. The devices could also be 
epoxied to the back of sheetiock during construction to monitor moisture or tempentme of 
the mn^ wall of the medium. 

Wireless embedded Sensor platforms 

[0038] Hie sensor syst^ of the present invention enq>Ioys a plurality of wireless 

canbedded sensor platfoims strategically or randomly distributed throughout a medium to be 
monitored. Each soosor platform is enable of supporting a plurality of sensor types for 
measuring a wide variety of structural, chemical and environmental conditions associated 
with die monitored medium. The sCTisor types capable of sq)port by the platform include, but 



8 



wo 02/46701 



PCT/USOl/46806 
^1651-SPL 



are not limited to, tenperature, conductivity, pH, magnetisni, noise, pressure, shock, strain, 
stress, vibration, etc. Other sensor types not explicitly recited herein may be used in 
conjunction wifti the sensor platform of the present invention. 

[0039] RepresQitative of the smsor types used herein are discussed in Appendix A 

which is attached hereto. Each of the sensor types discussed in Appendix A share the 
common characteristics of being small, ine?q>ensive, requiring very littie power, and are easily 
inteigrated with the sensor platform. Appendix A describes the operating principle of each 
sensor and the physical variables they monitor. 

[0040] Hie following is an overview of the mechanical and electrical features of the 

wireless embedded sensor platforms employed in the sensor system of the present invention. 

MechaTiic al Overview 

[0041] Referring now to FIG. 1, wireless multi-functional sensor platform ICQ of the 

present invention includes at least housing 120 and sensor electronics 118 enclosed within 
housing 120, "winch, is discussed hereinbelow. In general, housing 120 will be formed from 
conventional matmals known.in ^e art Preferred materials for use herdn include, but are 
- not-lindted to^ ceramic materiak-^ macor and the like. As one sldlled in the^ 

art would readily sqypreciate, dimensions and configurations for housing 120 can vary 
accordingly and can be detenmined on a case-by-case basis. For ^utmple, when housing 120 
is disc-like in shape, housing 120 can be 1" in diameter. It is v/itfain the contenq>lation of the 
present invention to fiitdier reduce fhe size of housing 1 20 in future embodiments to a 
package volume less than 2.5 ca^ (O.IS m^). 

[0042] In general, sensor housing 120 can include base 1 14 and cap 1 16. Base 1 14 

can be constructed in a two-step process wherein a first step defines a conventional machining 
process to acquire tiie shape of the base such as the generally disc-like sliape as dqpicted in 
FIG. 1. Thesecondstepinvolvesdefiningafiringcycle to enable base 114 to reach a high 
mecliamcal strengtiL Subsequent to tiie second or firing cycle stq>, the housing material is 
substantially identical to production ceramic cast material. 



9 



wo 02/46701 



PCT/USOl/46806 
^1651-SPL 



[0043] Cap 1 16 is geaerally a shape similar to that of base 1 14 such as a circular 

sh25)ed low teirq>erature co-fired ceramic (LTCC) c^ 1 16 as depicted in FIG. 1. The cap 116 
is preferably epoxy-mounted into the ceramic base 1 14. However, it is to be understood that 
other conventional means for mounting base 114 into cap 116 known to one skilled in the art 
can be used herein. In one embodiment, the cap portion 1 16 is constructed as comprising 
several layers 119. The layers can be of varying or the same thickness, e.g., a thickness for 
each layer ranging from about 0.001" to about 0.10" with an approximate thickness of 0.005" 
being preferred for each layer for structural integrity such that the an a|proximate final 
thickness of about 0.040" is achieved. One of the layers of tbe ceramic cap 116 is designed to 
fimction as a patterned transmission antenna. FIG. 2 illustrates a top view of the patterned 
transmission anteima constructed as a layer amongst several layers 1 19. Other layers (not 
shown) that can be included in layers 1 19 are a spacer layer, routmg layers, power pickup coil 
layer as are within &e purview of one skilled in the art 

[0044] hi a preferred embodiment, the housing 120 is made &om a machinable green 

: bisque ceraimc of 96% alumina. The green bisque mat^ial was selected as a preferred 
material based on meeting die requirem^ts of low cost; requiring only standard automated 
machinmg and; having physical properties ^ch are closest to a low tempocatare co^fired' • 
ceramic (LTCC) cq) 116 which serves as a substrate iqx)n which tilie sensor electronics 118 
and patterned antemm 1 19 are assembled for attachment to base 114. The base 114 can be 
made fiom any type of ine?q)ensive ceramic tihat is cq)able of being machined or cast 
However, base 1 14 can also be milled directly fix>m machinable ceramic, such as Macor, 
dq)enditig upon tiie suitability of the intended q}plication. 

[0045] As stated above, LTCC cap 1 16 serves as an assembly platform for the smisor 
electronics 118 \i^ch conoprise a number of IC conq>onents attached to LTCC cap 1 16 using 
commercial IC packaging and assembly techniques and materials, in particular, fhe sensor 
electronics 1 18 are attached to LTCC cap 116 with, for exan^le, gold vias and plating. Once 
assembled, LTCC cq> 1 1 6 including the sensor electronics 1 1 8 is attached to tiie base 1 14 of 
sensor housmg 120. LTCC cap 116 is preferably bonded to the base 114 with ceramic 
q)oxies. 
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[0046] 



LTCC cap 1 16 can be a combination of tape dielectric materials with screen 



printed thick-film conductor. For exan[q)le, the tape can be cut to the desired geometry; vias 
are mechanically formed where needed, and conductors are printed on the tape sheets. The 
various layers are then stacked and laminated into a monoUthic structure which is dried and 
fired to produce die desired fimctional part This produces a ceramic laminate, sinoilar to a 
printed circuit board, with interlayers of conductor. 

[0047] FIG. 3 shows a back view of the cap 1 16 for an application including a 

conductivity sensor. In the case where a conductivity sensor is used, two electrodes 32 and 34 
collectively comprise a single conductivity sensor for makmg conductivity measurements. As 
shown, electrodes 32 and 34 physically protrude through the exterior or back portion of the 
cap 1 16 thoreby coming into physical contact with tiie medium being monitored or measured 
(e.g,, concrete). The conductivity sensor operates by driving a current out of one electrode 32 
and allowing die current to flow diroug}i the medium to be retumed to die other electrode 34. 
A potential is tiius developed by virtue of the current flow. Inside the smsor platform 100, 
the potential that develops across the electrodes is measured, which is a measure of the 
resisitivity of the medium. Electrodes 32 and 34 are spaced and sized so that the measured 

potentisd can beixansformed directly into a resistance measurement Electrodes 32'and 34 

maybe constructed of palladium platmunt It is noted that not all SCTSors are required to be 
e?q>osed to the harsh environment, and as such are wholly contained within the sensor housing 
120. 

Electronics Overview 

[0048] Two embodiments of the s^isor electronics/circuitTy are illustrated in FIG. 4a 

and4b. In each embodiment, a inicro-power processor 45 and assodatedcuxnnt^ 
system control for a plurality of sensors ^pes. A unique advantage of the present invention is 
that a plurality of sensors types maybe attached to the sensor platform 100 to simultaneously 
monitor die desired parameters associated with the condition of the monitored medium. 
Furth^, each smsor platform 100 has a unique identification nurnber that is recorded during 
installation for correlating obtained data to specific location witiiin die monitored medium. In 
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each embodim^t, power is ranotely provided to the sensor platform 100 using a method of 
near field induction while data is transmitted from the sensor platform 1 00 to a field 
acquisition unit via a radio firequency (RP) link, in a first embodiment, or by means of 
absorption modulation, in a second embodiment Bach embodiment is fiirtha described 
below. 

[00491 In FIGS. 4a and 4b three sensors 51, 52, 53 are shown. Hie smsors 51-53 

perform the s^ing function ^en power is provided fiom an interrogation unit via near field 
induction. Bach sensor 5 1-53 provides as ou^ut, an analog signal to a dedicated channel of 
microprocessor 45. The inicroprocessor 45 may be a microprocessor, xnicro-controUer, 
programmable array logic, gate array logic, or any other chip or circmtry capable of 
performing flie logic and control fimctions discussed herein. One type of micro-controller is 
MICROCHIP PIC12CS09 (Microchip, Chandlor, Ariz.), although o&er sunilar micro- 
controUecs can be substituted by those skilled in the art 

[0050] The analog signal obtained as ou%)ut fiom each sensor 51-53 is convoted to a 

digital signal format via an internal analog-to-digital converter in the microprocessor 45. In 
alternate embodiments, the analog-to-digital conversion function can be peifbmied external to 

..^^•:w.th&miGi:oprocessor'4S as sho^^ Qdemal ADG AT). In addition to perfommng^m analog- 

to-digital conversion fimction, the microprocessor 45 performs the functions of timing, 
identification, local data storage, communications protocol implementation and outputdng 
digital signals to either transmission VCO circuit (see FIG. 4a) or a modulator 49 (see FIG. 



sensor platfonns 100 to a field acquisition unit for receiving the transmitted data. The 
particular embodiment selected will dep^ on the sensor platform's 100 location and die . 
surrounding environment. 



the sensor platform is shown. In die first embodiinent, data is transmitted fiom the sensor 
platforms 1 00 to a field acquisition unit (not shown) via an RF link, which is well known in 
theart b accordance with a mediod for using an RF link, tiietransnnsdonVOOcircmt 49 



4b). 
[0051] 



FIGS. 4a and 4b illustrate alternate embodiments for transmitting data from the 



[0052] 



Rjefening first to FIG. 4a, in a first embodiment, the sensor electronics 400 of 
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unbodied as either an RF voltage or cxirrent controlled oscillator to drive tiie patterned 
transmit antenna 1 19 of FIG. 2. In this case, sensor data ou^uts of the microprocessor 45 
modulate the transmission VCO circuit 49 using frequency shift keying FSK, which is well 
known in the art The microprocessor driven transmission VCO circuit 49 then outputs one of 
two ou^iit frequencies dependent upon the modulation applied 

[0053] Refacring now to FIG. 4b, tihie sensor electronics of FIG. 4b are similar in most 

respects to that of FIG. 4a with the followmg exceptions. In the second raibodmient, data is 
transmitted from die sensor platform 100 to a field acquisition unit via absorption modulation, 
which is well known in the art In accordance with this method, the modulator circuit 49 is 
embodied as a metal oxide semiconductor field effect transistor MOSFET or similar device 
having comparable switching characteristics. A data signal corresponding to a binary * 1 ' 
from the microprocessor 45 causes the FET to turn on which causes extra or additional 
loading to be applied to the sensor platform's 100 pickup coil 46. This additional loading 
changes the loading characteristic of the sensor platform 100 relative to the external 
interrogation unit's power field generator. When the FET is tumed on, this results in a small 
amplitude modulation of the voltage across the induction field g^^rator coil of the 
'interrogation unit The resulting amplitude tnodulated (AM) signal can be processed-at the - 
intmx>gationimit to recovortiie transmitted data, hi this case, no transmit antemia is required. 
Data is recovered singly by detecting the small amplitude modulation of the voltage at the 
interrogator unit (Le., transmitter). 

[0054] It should also be noted 4iat the migration of the sensor electronics as described 

above, to a multi-chip module (M CM) assenibly, chip on board assembly, buried LTCC 
resistors to fitrttier reduce ttie size and cost is possible. 

[0055] One further adaptation conten^lated by the present invention includes the use 

of a miniature ofFboard oscillator 43 , instead of the microcontroller's 45 on-board oscillator 
43 shown, to fiirtfaer reduce power consumption. 

[0056] An important technical advantage of die present invention is diat the circuitry 
of SCTSor platform 100 may be powered by an induction field sent by an interrogation imit 
Thus, sensor platform 100 does not need a battery or other local pow^ source or power 
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storage. Because no battCTy is needed, s^or platform 100 and associated circuitry may be 
placed in the structure to be monitored and thereafter require little to no maintenance of 
sensor platform 100. 

[0057] Turning now to FIG. 5, FIG. 5 is a functional block diagram of an interrogation 

unit 500 for powering the sensor platforms 100 and receiving data there-from. A primary 
fimction of the interrogation unit 500 is to g^erate a time varying magnetic field, i.e., an 
alternating current (AQ induction field to power the plurality of embedded sensor platforms 
100 distributed throughout the medium to be monitored Iliis time varying magnetic field is 
generated by an AC current flowing in a one-turn coit. This coil on the interrogation unit 500 
is moimted in such a way as to allow it to be placed directly over where the sraisor is 
embedded The AC current flowiag in flie one-turn coil is generated by an oscillator 502 
which provides a stable operating frequency for the power field generator via crystal control. 
The output of the oscillator is anq>lified by a power field generator 504 which drives the one 
turn coil 506. The time varying magnetic field produced by the powar field generator 504 
induces an AC voltage in the power picbip coil 46 located inside the soisor pk^^ 
The induced AC voltage is rectified in the sensor platform 1 00 to produce a DC voltage as an 

4nput to the sensor platform's 100 voltage regulator (not shown). - Internal to tfae^ensor-- - 

platform 100, a zener diode clamps the regulator's DC input voltage to a safe level. The 
ou^ut of the voltage regulator then provides power to the sensor platform's 100 remaining 
sensor electronics. 

[0058] WiHi continued ref^ence to FIG. 5, there is shown a receiving antrana 507 for 

use ^en the sensor platforms 1 00 transmit ttisk data to the interro gation unit 5 00 via an RF 
link. In ttiis case, an RF receiver 509 is used to aixplify and filter die RFsigiud As^wn, 
the oscillator 502 provides an iiqiut signal to the RF receiver 509 as part of tibie signal 
processing. 

[0059] in flie case where sensor platforms 100 transmit their data to the interrogation 

unit 500 via absorption modulation, the absorption receiver 511 is used Irrespective of which 
receiving metiiod is used, data recovery module 5 1 3 is used to provide final signal 
conditionmg and inter&cing to a local cosqniter 515. 
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[0060] Tte following non-limituig exan5)le is illustrative of the multi-functional 

s^isor system in accoidance with the present disclosure. 

EXAMPLE 

[0061] The operational concept of the multi-functional sensor system of the preset 

invention is shown in FIG. 6 illustrating an exemplary iqpplication involving hridge 
monitoring. FIG. 6 illustrates a bridge structure 62 including a plurality of wireless embedded 
sensor platforms 64. For this particular application, the sensor platforms 64 are placed 
{q;jproxiinately every two metm throughout the structural elements of the bridge 62. The 
locations and densities of the sensor platforms 64 will depmd on tiie particular structure bdng 
monitored. 

[0062] As will be discussed below, information fiom the sensor platforms 64 will be 

transmitted during interrogation. The interrogation is performed widi an interrogation unit 50O 
carried on a vehicle 68. The interrogation unit 500 records data fiom the sensor platforms 64 
as the vehicle 68 passes in proximity to the sensor platforms 64. It should be understood that 
the interrogation unit SCO need not be carried on the vehicle 68, and may be hand held or 
"" petnmmtly mounted near the structure to^be monitored. With structures such as bridges; 
however, mounting the interrogation unit 500 on a vehicle allows for particularly convenient 
monitoring of environmental parameters. 

[0063] The sensor platforms 64 are powered by near field induction (Le., a powo: 
transndtter/reader) 69. As previously mooned, fiie soisor platforms 64 are able to 
communicate with interrogation unit 500 through the use of radio frequency ("RF") waves or 
absorption modulation of tiie induction power field. Witii this approach, wireless, contactless 
reading of the sensor platforms 64 can be acconq)lished. Such communication provides an 
inq)ortant technical advantage of the present invention, since reading of tiie sensor platfomis 
62 may be p^ormed conveniently and quicldy. 

[0064] In operation, circuitry within the interrogation unit 500 generates an AC 
magnetic field, to power the sensor platforms 64, and receives data fiom the sensor platforms 
62 for storage in a local conq)uter in tiie interrogation unit 500. 
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[0065] Each of the plurality of sensor platforms 64 has a unique identification number 

that is recorded during installation. Witii individual ID numbers, flie locations of particular 
sensors are maintained in a record, and data from those sensors can then be coirelated with 
their position. 

[0066] FIG. 7 is an exenqplary illustration of a map that is generated as a product of 

using the system of the present invmtion in the illustrative bridge-modeling exanq)le of FIG. 
6. As shown in FIG. 7, the gray-scale map indicates the variation in resistivity values in die 
bridge structure. In tiie present exemplary application, the resistivity values would be 
obtained by employing resistivity sensors in the sensor platforms 64 and recording data from 
the resistivity sensors. Such a map would localize areas of suspicion which would need to be 
monitored and/or repaired 

[0067] It will be understood that various noiodifications noay be made to the 

embodiments disclosed herein. Therefore the above description should not be constmed as 
limiting, but merely as exenq)lifications of prefenred embodiments. For exanqple, tiie 
functions described above and implemented as flie best mode for operating the present 
invention axe for illustration purposes only. Other arrangements and niiethods may be 

-*inq>lemented by those skilled intiie art without departing firom the scope and«pirit of this • 

inventioiL Moreover, those skilled in the art will division other modifications within Ifae 
scope and spirit of the claims appended hereto. 

APPENDIXA 

Resistivitv Smsor 

[0068] The permeability of concrete refers to its ability to transport moisture, oxygen 

and cUorideioiisti]rou^cona:ete to the steel sui£Eu;e in tiie concrete. Asis lmowntiuoug^ 
several studies, concrete with an electrical resistivity of 120,000 ohm^m has a low 
permeability and low conosivity whereas concrete witii a resistivity of 10,000 ohm-cm or 
lower has Mg^ permeability and Ing^ corrosivity. Therefore, electrical resistivity of concrete 
is a good indicator of its permeability to the potratial corrosion agents. The range of 
resistivities eiq)ected is about 3k to about 120k cm-cm. 
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[0069] The resistivity sensor is based on a conventional fotir-probe technique; two 

probes to inject a current, and two probes to monitor the potential. Li a typical arrangement, 
all four probes are equally spaced from each other with the two potential probes between tiie 
two curr^t injection probes. The resistivity is computed using a modified form of Ohms Law 
fixtm which tfiepCTneability is estimated The applied current will be on Reorder of 10 
microamperes (pA) at less than 1 V, and ttie total power requirCTient will be about 1 0 (iWA 

pH Sensor 

[0070] It is recommended to measure pH, in addition to chloride ion concentrations 

and temperature^ to obtain a good estimate of corrosivity of the concrete environment 
Commercial pH meters are unsuitable for this task because of reliability and size. The sensor 
\mA&: development is a colorimetdc pH sensor, which uses an LED li^t source and a photo 
diode detector. It v^dU measure pH changes in tiie 11 to 14 ranges and doesnHrequhe 
calibration. The total power requiienient for the sensor will be on Reorder of a few 
milliwatts. The wireless multi-functional sensor platform is bdng designed to accommodate 
this sensor. 

Chloride Sensor 

[0071] The chloride sensor includes at least two silvei/silver chloride wires, one freely 

projecting into the concrete, and the other int^aced through a ceramic membrane saturated 
with potassium chloride (KCl). Bachwireisaboutlcm/long»and2to5mmindiameter. 
The chloride sensor will be calibrated after fibrication but will require no calibration at later 
times. It will measure flie absolute level of chloride concentration in the concrete and requires 
very little power to operate. 

Temperature Sensor 

[0072] Tliis sensor is a semiconductor-based sensor. Typically, due to the slow 
tenq)erature transients expected inside concrete, the wireless multi-functional SCTSor platform 
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should be in equilibrium with the adjacent concrete temperature. Therefore, the temperature 
sensor built into most microcontrollers can be used to sense the local concrete temperature. 

Magnetometer Sensor 

[0073] This sensor is a miniature sensor, which is sensitive to magnetic fields 

produced by currents in the 10"^ to 10^^ mspeto range. It requires a few millewatts of power to 
operate. The magnetometer is used to sense electrical noise produced by the pitting corrosion 
activity and also can b e used to measure stray currents or cathodic protection (CP) current in 
concrete structures. 

[00741 Pittmg corrosion is caused by Hxe break down of the protective oxide film 

Q>assive film) on the metal sur&ce. When the film is broken down (Le., depassivated), the 
sur&ce of tiie metal will corrode. The corrosion product will g^erate more of the (i.e., 
passive) metal oxide on the sur&ce, preventing further corrosion. The corrosion reaction 
produces a current flow across the metal/concrete int^&ce. During pitting, the dq>assivation-* 
conosion-rq)assivation process will repeat randomly^ producing a temporal variation in the 
corrosion current These fluctuations occur at low fi:equencies (< 1 Hz), in tfie same range as 
- electronic instrumentation noise or ^iite noise. The noise associated with pitting corrosion, 
however^ has several imique characteristics. Most forms of dectronic and white noise will 
have a single tenqx)ral distribution. The electrocheoucal noise due to corrosion, on the other 
hand, has a bimodal distribution. The slope of the power spectrum plot is also unique for 
pitting corrosion, and can be used to indicate its presence. 

[0075] The magnetic seosar envisioned by the applicants has a wide dynamic range. 

It can measure stray currents ('-lO microamps; 100 nano Tesla): corrosion current (10 
microamps, 100 nano Tesla); CP current (--1 milliamps; 10,000 nano Tesla) in the presence of 
a very large earth's magnetic field (50,000 nano Tesla). 

[0076] It is noted that stray current electrolysis is a source of corrosion in concrete m 

industrial areas. Since rebars are buried in conaete, which is in contact with earth, tiie steel 
becomes an easy carrier of stray current If the stray current has fi:equency conqx)nmts below 
a few Hz, it can quicldy break down the oxide layer and cause pitting corrosioa Such a low 
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frequency stray current can originate from light rail systems, high power industries, and heavy 
electrical engineering operations. Therefore, in urban and industrial environments where 
stray current is condmon, a concrete bridge may corrode even in the absence of chloride ions. 
The magnetometer sensor will identify the presence of stray current noise, characterize its 
fiequQQcy and amplitude, and even the points of stray injection and discharge. 
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WHAT IS CLAIMED IS : 

1 . A wireless sensor platform for rDonitoiing a plurality of parameters associated 
with a non-gaseous medium, the sensor platform conq>iismg: 

a sensor housing having an interior volume; 
a plurality of sensors configured for inserting within said interior 
volume and for monitoring said plurality of parameters; and 

sensing electronics enclosed within said sensor housing interior 
volume and opmtively coiq)led to said plurality of sensors^ said sensing electronics 
conqprising at least means for processing said plimdity of parameters received fiom said 
plurality of sensors and means for transmitting said processed parameters. 

2. The wireless sensor platform of Claim 1, wherein said housing is made fit>m a 
ceramic material. 

3. The wireless sensor platform of Qaim 1 , wherein said non-gaseous medium is 
selected from the group consisting of ground, asphalt, conqiosites, plastics, concrete and 

• cement. ^ . . 

1 4. Hie wireless sensor platform ofClaiml, wherein said sensing 

2 electronics further includes means for bdng externally powered 

1 5. Hie wireless sensor platform of Qaim 1, wherein said plurality of parametm 

2 ate selected from the groiq> consisting of tenq)erature, conductivity, pH, magnetism, noise, 

3 pressure, shock, strain, stress and vibration. 

1 6. Ilie wireless sensor platfonn of Qaim l,fortherconq)rising a mi^^ 

2 substrate for mounting said sensing electronics. 
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1 7. The sensor system of Claim 6, wherein said multi-layered substrate is a low- 

2 ten[9)erature co-fiied c^amic substrate. 

1 8. The sensor system of Qaim6y^ierein said multi-layered substrate is 

2 constructed of tape dielectric materials and screen printed thick-film conductor. 

1 9. The wireless sensor platform of Claim 1 , wherein said pluraUty of parameters 

2 indicate stmctural, chmiical and environmental conditions associated with the medium. . 

1 10. A sensor system for inoiiitoring of a mediuna^coiiqirising: 

2 an intCTOgation unit for generating an induction power field and for receiving 

3 responses; and 

4 a pluraUty of wireless embedded sensor platforms, each including a plur^ 

5 sensor types and powered by said induction field» said platforms are disposed throughout said 

6 medium, and wherein each of said plurality of sensor types generates a respective output 

7 representative of said sensor type. 

1 11. The SCTsor system ofClaim 10, wherein the sensor platform is made fiom a 

2 ceramic material. 
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1 12. The sensor system of Claim 9, herein each of said sensor platfonns 

2 conqirises: 

3 a sensor housing having a portion and a base portion defining an interior 

4 volume, ^ 

5 said plurality of sensors; and 

6 SCTsing electronics enclosed within said housing intmor volume and 

7 operatively coiq>led to said plurality of sensors, said sensing electronics conopising: 

8 a pixx)essorcoiQ>led to said pluraEty of sensors £3rnK)nitoringoul^^ 

9 gmerated £rom said plurality of sensor types; and 

10 transmit circuitry ooiq[>led to said processor for transmitting said outputs 

1 1 representative of said sensor types. 



1 13. The sensor system of Claim 9, furdiercoixq)rising analog to digital conversion 

2 means for converting an analog output of said pluraUty of sensors to a digital output 

1 14. Ihe sensor system of Claim 10, further comprising a multi-layered substrate 

2 for mounting said sensing electronics. 



1 15. The sensor system of Claim 14, wherein said nnilti-layered substrate is ceramic 

2 a low-temperature co-fired ceramic substrate. 

1 16. The sensor system of Claim 9, wherein one layer of said multi-layered 

2 substrate defines a patterned transmission antenna. 
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1 17. The sensor syston of Claim 10, wherein said plurality of wireless embedded 

2 smsor platfonns are individually addressable. 

1 1 8. A method for providing monitoring of a medium, comprising the steps of: 

2 providing a plurality of wireless embedded sensor platforms in said medium, 

3 said sensor platforms having a housing defining an interior volume; and a plurality of sensors 

4 configured for inserting within said interior volume and for monitoring a plurality of 

5 parameters associated with said medium; and 

6 embedding the plurality of ^hbeddd wireless sensor platforms wilhui &e 

7 niedium to be monitored 

1 • 19. Iliemettiodof Qaim 18,furdierconqxrisingthestepsof: 

2 gmerating an induction power field to said plurality of 

3 embedded wireless sensor platforms; - 

4 receiving tiie powa* field at sidd plurality of embedded wireless sensor 

5 platforms; 

6 powCTng said plurality of embedded whreless sensor 

7 platforms fiom Ifae power field; and 

8 sensing a plurality of structural, chemical and nvironmental conditions of the 

9 inonitored medium firom said powered embedded wireless sensor platfonns. 

1 20. The method ofClaim 18, fiirthCT including the step of transmittiQg said se^ 

2 plurality of structural, chemical and environmental conditions of flie monitored enviromnent 
3- to a receiving omit 
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1 21 . TTie method of Claim 20, wherein the receiving unit is one of a mobile 

2 interrogation unit, a hand-held unit and a stationary unit 

1 22. The method of Qaim 20, wherein said receiving unit receives said sensed 

2 plurality of structural, chemical and environmmtal conditions while said receiving unit is in 

3 proximity with the monitored medium. 



1 23. The method ofClaim 18, wfaeremflie medium is selected fix)m the groiq> 

2 . consisting of ground, asphalt, con^sites, plastics, concrete and cement 
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